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The paper presents ﬁrst UePb zircon ages and geochemical data from Carboniferous granitoids (tonalites
and plagiogranites) of the Char sutureeshear zone in East Kazakhstan, which is located in the north-
western Central Asian Orogenic Belt (CAOB). The study included analysis of geological setting, major
and trace elements, and rock petrogenesis. The Char tonalites and plagiogranites occur as NW-striking
linear chains inside Visean serpentinite mélange. Petrographycally, the tonalites show signs of syntec-
tonic deformation, and the plagiogranites are less deformed suggesting their later intrusion. The tonalites
yielded a LA-ICP-MS zircon age of ca. 323 Ma, i.e. exactly at the boundary between the early and late
Carboniferous. Compositionally, the tonalites and plagiogranites are characterized, respectively, by high
SiO2 (67e70 and 73e74 wt.%) and Al2O3 (17e19 and 14e15 wt.%), Sr/Y > 40 and low Yb ¼ 0.2e0.5 ppm.
Their multi-element patterns show clear Nb-Ta negative anomalies. The low Nb/Ta ratios (7e15) and Zr
(114e191 ppm) suggest a MORB-type protolith (amphibolite) with subchondritic Nb/Ta (8e17) and low
Zr (1e72 ppm). The low contents of K and Rb suggest weak assimilation of the melts by island arc felsic
crust. The subchondritic Nb/Ta ratios exclude their derivation by the melting of subducted/dehydrated
MORB. We argue that the Char high-Al tonalites and plagiogranites formed by the melting of hydrated
MORB at the base of the maﬁc lower crust at pressures of 10e15 kbar. The occurrences of the Char
tonalites and plagiogranites inside the Visean serpentinite mélange overlapped by Serpukhovian con-
glomerates, their alignment parallel to deformation zones, and their geochemical features suggest their
origin by the melting of maﬁc lower crust in relation to the collision of the Siberian and Kazakhstan
continents.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Central Asian Orogenic Belt (CAOB) is the world largest
Phanerozoic accretionary or Paciﬁc-type orogen, which has been
evolving during more than 800 Ma. It is located inside the Eurasian
continent and formed by multiple early Paleozoic accretions ofralogy SB RAS, Koptyuga ave.
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).island-arcs, seamounts of the Paleo-Asian Ocean and micro-
continents to the active margins of the Siberian Craton, middle
Paleozoic amalgamation of the Kazakhstan composite continent,
and middleelate Paleozoic collisions of the Siberian, Kazakhstan,
Tarim and North China continental blocks (Fig. 1A). The CAOB is the
most signiﬁcant area of Phanerozoic continental growth (Jahn et al.,
2000; Yakubchuk, 2004; Windley et al., 2007; Xiao et al., 2010;
Safonova et al., 2011; Xiao and Santosh, 2014). The western part
of the CAOB (Fig. 1A) includes folded areas of East Kazakhstan,
southern Siberia, north-western China and western Mongolia,
which consist of numerous accretionary complexes hostingction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. Tectonic framework (A) and geological scheme (B) of the Char suture-shear
zone located between the Kazakhstan continent and Siberian carton (modiﬁed from
Buslov et al., 2004). For more details on terrane subdivision see (Buslov et al., 2001,
2004; Vladimirov et al., 2008; Safonova et al., 2012). Charsk and Georgievka e old
names for Char and Kalbatau, respectively.
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Safonova et al., 2012), compositionally and lithologically variable
volcanic belts (e.g., Wang et al., 2003; Degtyarev, 2011; Safonova
et al., 2012; Yang et al., 2014) and granitic massifs (e.g., Rudnev
et al., 2004; Kröner et al., 2008; Sun et al., 2008; Vladimirov
et al., 2008; Kuibida et al., 2009; Chen et al., 2010b; Jiang et al.,
2011). Of special importance is study of granitoids, which provide
keys for reconstructing the history of paleo-oceans, formation of
juvenile continental crust and amalgamation of intra-continental
orogenic belts.
The tectonic settings of granitoid magmatism are typically
recognized based on their major and trace element and isotope
compositions. The geochemical data obtained from key granitoid
complexes worldwide formed in this or that tectonic setting have
been widely used for paleogeographic reconstructions, geological
mapping and mineral exploration. First key granitoid complexes
formed in oceanic, supra-subduction and collisional settings were
identiﬁed in the Mediterranean and Himalaya regions (e.g.,
Miyashiro,1974; Pearce et al., 1984;Whalen,1985). Later, numerous
granitoid complexes were recognized in oceanic and convergent
margin (suprasubduction) terranes of the CAOB also based on
geochemical data (e.g., Kovalenko et al., 2004; Gordienko et al.,
2010; Kurganskaya et al., 2014; Yang et al., 2014; Ge et al., 2015).
However, the geochemistry-based recognition of granitoids, in
particular, tonalites and plagiogranites, is not always valid. For
example, numerous geochemical and petrologic (melting
modeling) data from plagiogranites have shown that they typically
form in mid-oceanic ridges (Pitcher, 1983; Coleman and Peterman,
1975) and in supra-subduction settings (e.g., Drummond and
Defant, 1990; Peacock et al., 1994; Martin, 1999). However,
recently it has been shown that plagiogranites can form by the
melting of underplated maﬁc crust in collisional settings (Myers
and Frost, 1994; Barnes et al., 1996; Petford and Atherton, 1996;
Johnson et al., 1997; Xiong et al., 2001; Whalen et al., 2002;Chung et al., 2003; Turkina, 2005; Karsli et al., 2011). Therefore,
their study and tectonic discrimination must include a careful
analysis of geological, geochronological, petrological and
geochemical data.
The Char suture-shear zone or strike-slip fault zone or ophiolite
belt (thereinafter referred to as Char belt) and the Irtysh-Zaisan
folded area of East Kazakhstan (Fig. 1A) include numerous
Carboniferous to Triassic granitoid massifs, which origin is impor-
tant for reconstructing the complicated evolution of the Paleo-
Asian Ocean and the subsequent Kazakhstan-Siberia collision.
Those of Permian toTriassic ages are thought to be of syn- and post-
collisional origin (e.g., Vladimirov et al., 2008; Kuibida et al., 2009).
The origin of Carboniferous varieties remains debatable due to the
lack of high-quality geochemical and U-Pb age data. This paper
presents ﬁrst U-Pb zircon ages and major and trace element
geochemical data from plagiogranites and tonalites of the Char
zone located west of the Irtysh-Zaisan folded area (Fig. 1A). Our
obtained results will deﬁnitely contribute to the understanding of
the petrogenesis, mantle sources, and geodynamic origin of the
Char granitoids, in particular, and of the evolution of the whole
western CAOB, in general.
2. Geological setting and sampling locations
The Char belt is extended over several hundred kilometers and
is special for its extremely complicated tectonic structure (Fig. 1B).
The Char belt and the adjacent Irtysh-Zaisan folded area it repre-
sents a junction zone between the Kazakhstan and Siberian conti-
nents framed by respective active continental margins (Fig.1A). The
Char belt formed during the closure of the Paleo-Asian Ocean and
later was deformed by the strike-slip movements induced by the
Kazakhstan-Siberia collision and clockwise rotation of the Siberian
continent (e.g., Dobretsov et al., 1995; Buslov et al., 2001;
Dobretsov, 2003; Buslov et al., 2004; Degtyarev, 2011; Safonova
et al., 2012). It hosts geologically, lithologically, and geochemically
diverse sedimentary, volcanic, sedimentary and plutonic units of
different ages: early to late Paleozoic ultramaﬁcemaﬁc ophiolitic
units, various volcanosedimentary sequences, basaltic lavas and
late PaleozoiceMesozoic granitoid massifs (e.g., Polyanskii et al.,
1979; Yermolov et al., 1981; Belyaev, 1985; Buslov et al., 2001;
Dobretsov, 2003; Vladimirov et al., 2008; Kuibida et al., 2009;
Safonova et al., 2012). The main lithostratigraphic domains are
earlyemiddle (?) Paleozoic island-arc units, late Devonianeearly
Carboniferous OPS units, late Carboniferous volcanic arc units and
late Paleozoiceearly Mesozoic granitoid massifs (Belyaev, 1985;
Vladimirov et al., 2008; Kuibida et al., 2009; Safonova et al., 2012;
Kurganskaya et al., 2014; Yang et al., 2014). The ophiolitic and
OPS units (Polyanskii et al., 1979; Safonova et al., 2012) record the
ﬁnal stage of the Paleo-Asian Ocean, whereas the maﬁc to andesitic
volcanics (Kurganskaya et al., 2014; Yang et al., 2014) and granitoids
record supra-subduction, syn- and post-collisional settings. The
late Paleozoiceearly Mesozoic age of the syn- and post-collisional
granitic massifs in the Irtysh-Zaisan folded area (Fig. 1A) was con-
strained by geological and geochronological data (Vladimirov et al.,
2008; Kuibida et al., 2009) although the nature and the age of
granitoid plutons of presumably oceanic or supra-subduction
origin remain understudied.
According to previous investigations, the geological structure of
East Kazakhstan including the Char zone formed during the late
stages of the evolution of the Palaeo-Asian Ocean (Dobretsov et al.,
1995) in late CarboniferousePermian time and during the subse-
quent collision of the Kazakhstan and Siberian continental blocks
(e.g., Buslov et al., 2001; Safonova, 2009; Safonova et al., 2012).
After the ocean closed, the Char zone was folded and broken by
Figure 2. The Baturinka locality of the Char suture-shear zone: (a) geological scheme
(modiﬁed from Yermolov et al., 1977); (b) ﬁeld photo showing bodies of plagiogranite
and tonalite aligned parallel to the direction of deformation seen in an exposed
tonalite (c). Grt, garnet; Pl, plagioclase.
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et al., 2008). The Char belt hosts granitoids formed in the Palaeo-
Asian Ocean and/or its surrounding active margins, ﬁrst of all,
plagiogranites and tonalites, and those formed during and after the
Kazakhstan-Siberia collision (Windley et al., 2007).
In the Char belt, tonalites and plagiogranites occur as NW-
striking linearly aligned “chains” of intrusions or boudine-like
bodies (Fig. 2). The bodies are submerged into a matrix of Type 2
serpentinite mélange or listvenite (Yermolov, 2013) hosting frag-
ments of amphibolite, gabbro, basalt, and granitic porphyrite
(Fig. 2b). The “chains” are parallel to the strike of the zone of
deformation and to the strike of Char ophiolites and eclogites
(Figs. 1B and 2). Similar bodies of migmatized plagiogranites occur
inside the surrounding amphibolites, parts of the serpentinite
mélange, but are absent in the high-pressure unit consisting of
eclogites and garnet amphibolites (Fig. 2a). The age of the mélange
is early Carboniferous (Yermolov, 2013). Thus, the geological posi-
tion of the Char tonalites and plagiogranites suggest early
Carboniferous. The samples of tonalites and plagiogranites come
from the Baturinka locality of the Char belt (Fig. 2).Figure 3. Photos of thin-sections of Char3. Petrography
Granitoids from the Baturinka locality of the Char belt are
originally massive but then variably deformed tonalites and pla-
giogranites (Figs. 2 and 3). Tonalites possess generally granitic
structure however show clear signs of syntectonic deformation/
recrystallization as the long prismatic grains of plagioclase are
aligned in one direction, parallel to the deformation pattern of the
matrix, which is seen as smaller-scale zones of mylonitization/
recrystallization (Fig. 3a). The tonalites consist of albite-oligoclase
(65e70%) and quartz (18e20%) and accessory zircon. There are
secondary dark minerals (2e7%), pumpellyite, anthophyllite,
epidote, and chlorite, probably formed by recrystallization of the
hosting serpentinite mélange. Epidote and chlorite obviously
replaced former dark minerals. The plagiogranites have massive
texture and hypidiomorphic structure with distinctly idiomorphic
plagioclase (Fig. 3b). They consist of albite-oligoclase (70e75%),
quartz (20e25%), and K-feldspar (<3%). Plagiogranites show no
signs of syntectonic deformation suggesting their intrusion on a
ﬁnal stage.4. Methods
4.1. Whole-rock composition
The concentrations of major elements were measured by an X-
ray ﬂuorescence (XRF) device CMP-25 according to a state stan-
dard of the USSR Ministry of Geology (GOST 41-08-212-82) in the
Institute of Geology and Mineralogy SB RAS, Novosibirsk. Trace
elements were analyzed by inductively coupled plasma mass-
spectrometry (ICP-MS) in the Institute of Geology and Miner-
alogy SB RAS (Finnigan Element ICP-MS) using the protocols of
Jenner et al. (1990). Powdered samples were dissolved using a HF-
HNO3 (2:1) mixture in a screw-top Teﬂon beaker for 2 days at
w100 C followed by evaporation to dryness, reﬂuxed in 6N HCl
and dried twice, and then re-dissolved in 1N HCl. The procedure
was repeated until the powder was completely dissolved. The ﬁnal
solution was evaporated to dryness, reﬂuxing in 6N HNO3 and
drying three times, and dissolved in 2% HNO3. Wet chemical
procedures were conducted under clean lab conditions. BHVO-1
(Jenner et al., 1990), BCR-1 (Jochum and Nohl, 2008) and JB-3
(Orihashi and Hirata, 2003) were used as international reference
materials to estimate precision and accuracy. The analytical errors
are estimated as 2e7% for rare earth elements (REE) and high-ﬁeld
strength elements (HFSE). For chondrite-normalized (e.g., (La/
Sm)N) and primitive mantle (PM) normalized (e.g., (Th/Nb)pm)
data presentation, we used the values of Sun and McDonough
(1989).tonalites (a) and plagiogranites (b).
Figure 4. U-Pb dating results. (a) Photos of zircons: the ages of spots 1, 2 and 4 were
selected for interpretation; (b) concordia for the selected ages. For details of data se-
lection see Section 5.
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Zircon separation of a 7 kg tonalite sample (Ch-07-13) was
conducted in the Institute of Complex Development of Mineral
Resources (IPCON) by a standard procedure of crushing, panning,
heavy liquid and magnetic separation techniques. Zircon grains
were hand-picked under a binocular and then mounted in a 6 mm
epoxy resin disc. All grains were half-polished to observe the in-
ternal structure of zircons at cathodoluminescence (CL) images. The
CL imaging was conducted at the Tokyo Institute of Technology
using a scanning electron microscope (SEM) equipped with a Gatan
Mini-CL and operated at an accelerating voltage of 15 kV and
working distance of 20 mm. The locations for the spot-analysis on
zircon grains were selected from CL images and photomicrographs
(transmitted and reﬂected light) to avoid mineral inclusions and
cracks. The U-Pb spot dating of zircons was performed at the Kyoto
University by the LA-ICP-MS method using a Nu AttoM single-
collector ICP-MS (Nu instruments, Wrexham, UK) equipped with
a 193 nm ArF excimer laser (NWR-193 laser-ablation system: ESI,
Portland, US). The laser was operated a power ofw4.0 mJ per pulse,
repetition rate of 6 Hz and 15 mm laser spot size. The ICP-MS was
optimized using a continuous ablation of 91500 (Wiedenbeck et al.,
2004) and NIST SRM 610 zircon standards to provide maximal
sensitivity. Data were acquired on seven isotopes, 202Hg, 204Pb,
206Pb, 207Pb, 232Th, and 238U using a low-resolution deﬂector jump
mode, which measures the signal intensity at the peak top. Back-
ground and ablation data for each analysis were collected overw66
and w10 s, respectively. 202Hg was monitored to correct the
isobaric interference of 204Hg on 204Pb. To reduce the isobaric
interference, a Hg-trap device with an activated charcoal ﬁlter was
applied to the Ar make-up gas before mixing with He carrier gas
(Hirata et al., 2005). Prior to each individual analysis, spot areas
were pre-ablated using a few pulses of the laser with laser spot size
of 30 mm in diameter to remove potential surface contamination
(Iizuka and Hirata, 2004). Data were acquired for a set/batch of 10
samples bracketed by quartets of 91,500 zircon standards. Common
Pb correction was applied to the sample showing discordant ages
(after getting 204Pb data) by the two-stage model of (Stacey and
Kramers, 1975).
Background intensities were interpolated using an averaged
value between the two background data acquired before and after
each unknown sample batch. We calculated average and standard
errors of the measured ratios between each eight 91,500 zircon
standard data analysis bracketing 10-sample batches. The average
and standard errorsmeasured for 91,500 zircon standardwere used
for age estimation and uncertainty propagation. All uncertainties
are quoted at the 2s level. 235U was calculated from 238U using a
238U/235U ratio of 137.8858. Data and concordia plot (Fig. 4) were
processed using the ISOPLOT program ver. 3.7 (Ludwig, 2008).
5. Results
5.1. U-Pb zircon dating
One tonalite sample (Ch-07-13) from the Baturinka locality in
the central part of the Char belt was chosen for age determination,
and the sampling location is shown in Fig. 1B. The zircons separated
from the sample are light yellow, brownish and colorless, trans-
parent to translucent, and occur as euhedral prismatic crystals. CL
images show that several grains have clear oscillatory zoning and
lack visible cores (Fig. 4a). The grains are 80e200 mm long with
length to width ratios ranging from 3 to 6. Most of the zircons show
Th/U ratios greater than 0.5 but less than 1.5 (Table 1), suggesting
their magmatic origin. Seven zircon grains were analysed U-Pb
ages. The data from 4 grains are concordant or nearly concordant:grains 1e2 and 4 yielded 206Pb/238U ages of 323.6 and 323.9 Ma,
and grains 5 and 7 yielded 367.5 and 368.4Ma, respectively (Fig. 4b;
Table 1). For interpretation we selected the data from grains 1e2
and 4, i.e. the ages of ca. 323 Ma. The data from other grains were
rejected based on the following criteria: (1) plot off the concordia
(grains 3 and 6); (2) have extremely high U and Th concentrations,
i.e. underwent metamictization (grains 3 and 8); (3) have very dark
CL images (grains 3, 5e8); (4) geological position implies a different
age (grains 5 and 7) (see Section 2).
5.2. Whole-rock composition
Table 2 shows concentrations of major oxides and trace ele-
ments in the Char tonalites and plagiogranites. The classiﬁcation of
Arth (1979) considers two compositionally contrast types of
tonalite-plagiogranite magmatism: “continental” and “oceanic”.
The “continental” varieties (high-Al or HAl type) are characterized
by high-Al (Al2O3 > 15 wt.%), high Sr/Y ratios (>40), highly differ-
entiated REEs and low HREEs (Yb < 1.5 ppm). On the contrary, the
“oceanic” varieties (low Al or LAl type) show low Al2O3 (<15 wt.%),
high HREEs (Yb > 1.5 ppm), low Sr/Y (<40) and low differentiated
REEs. Accordingly, we classify the Char tonalites and plagiogranites
as HAl. The tonalites have lower SiO2 (66.8e70.4 wt.%) and higher
Al2O3 (16.6e19.0 wt.%) compared to plagiogranites
(SiO2 ¼ 72.7e73.9 wt.%; Al2O3 ¼ 14.2e15.0 wt.%). Both types of
rocks are characterized by high Na2O/K2O ratios typically ranging
from 4.0 to 16.3 (43 in Pr-142) and low CaO varying in a wide range
from 0.3 to 1.7 wt.%. Consequently, in the An-Or-Ab triangle
(O’Connor, 1965; Barker, 1979), the rocks plot in the ﬁeld of
trondhjemite (Fig. 5a), but away from the supra-subduction ﬁeld in
the Ca-Na-Mg triangle (Fig. 5b). Low MgO (0.2e0.8 wt.%), TiO2
(0.08e0.19 wt.%) and FeO (0.8e1.4 wt.%) are typical of both groups
of rocks. The chondrite-normalized rare-earth element (REE) pat-
terns of tonalites and plagiogranites are, in general, similar (Fig. 6A,
B), although the total REEs in the latter are higher (Table 1). The REE
patterns are clearly enriched in light REE (LREE) and are charac-
terized by strongly differentiated heavy REEs (HREE): La/
Yb ¼ 42e57 and 84e120, Gd/Yb ¼ 2.9e3.7 and 5.1e5.5, respec-
tively. The primitive mantle normalized multi-element patterns
show clear Nb-Ta negative anomalies and positive Zr-Hf anomalies,
which both are indicative of supra-subduction settings (Fig. 6B, C).
The tonalites have lower Sr/Y ratios (62e85) than the
Table 2
Major oxides (wt.%) and trace elements (ppm) in the early Carboniferous tonalities
and plagiogranites of the Char suture-shear zone in East Kazakhstan.
No. Tonalite Plagiogranite
pr-142 pr-143 mx-30 mx-26 mx-29/1 mx-25 mx-29/2
SiO2 66.77 67.73 69.34 70.42 72.73 73.89 73.82
TiO2 0.08 0.19 0.14 0.17 0.11 0.13 0.11
AL2O3 19.04 17.79 16.82 16.58 15.04 14.35 14.18
Fe2O3t 0.84 1.31 1.23 1.35 1.37 1.18 1.35
MnO 0.02 0.02 0.01 0.01 0.02 0.01 0.01
MgO 0.2 0.8 0.56 0.61 0.42 0.44 0.36
CaO 0.31 1.29 1.26 0.88 1.68 0.95 1.28
Na2O 10.84 9.28 7.26 8.82 7.50 7.48 7.43
K2O 0.25 1.2 1.79 0.57 0.46 0.58 0.6
P2O5 0.04 0.1 0.05 0.08 0.07 0.14 0.13
LOI 0.8 0.24 0.97 0.14 0.36 0.23 0.57
Total 99.29 100.02 99.54 99.7 99.84 99.48 99.94
Th 10.9 10.6 9.4 10.2 19.5 24.5 39.9
U 1.61 1.3 1.29 1 1.48 2.02 2.35
Rb 3 12 18 7 4 6 5
Ba 421 366 820 488 607 768 785
Sr 178 172 517 222 578 274 262
La 18.6 23 16.8 17.2 34.8 51.7 57.1
Ce 28 34 24 25 52 79 88
Pr 2.8 3.3 2.3 2.4 4.7 7.7 8.2
Nd 8.4 10 6.6 6.8 13.4 22.3 23.6
Sm 1.2 1.4 0.9 1.1 1.8 3.2 3.3
Eu 0.56 0.64 0.48 0.34 0.44 0.52 0.57
Gd 0.8 0.95 0.78 0.8 1 2.19 2.48
Tb 0.11 0.1 0.1 0.11 0.09 0.24 0.29
Dy 0.51 0.5 0.44 0.47 0.45 1.11 1.24
Ho 0.11 0.11 0.09 0.08 0.08 0.17 0.2
Er 0.27 0.29 0.25 0.28 0.22 0.44 0.49
Tm 0.04 0.04 0.03 0.05 0.03 0.06 0.07
Yb 0.26 0.27 0.21 0.28 0.2 0.4 0.46
Lu 0.04 0.04 0.03 0.05 0.03 0.06 0.06
Zr 120 144 114 117 133 191 178
Hf 3 3.4 2.8 2.8 3.4 4.7 4.7
Ta 0.27 0.24 0.25 0.3 0.09 0.33 0.36
Nb 1.9 3.5 3.1 3.9 2 3.7 3.3
Y 4 3.1 2.9 3.2 2.5 6.5 6.8
V 6 8 6 5 4 5 5
Cr 12 23 35 27 47 24 46
Ni 11 16 14 <5 11 17 18
Pb 16 20 11 11 13 9 11
Eu/Eu* 1.7 1.7 1.7 1.1 1 0.6 0.6
(La/Yb)N 48 57 54 42 120 87 84
SREE 62 75 53 55 109 169 187
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M.L. Kuibida et al. / Geoscience Frontiers 7 (2016) 141e150 145plagiogranites (124e177), but still high enough compared to supra-
subduciton felsic volcanics (e.g., Yang et al., 2014; Ge et al., 2015);
they both are depleted in the HREE (Yb ¼ 0.2e0.5 ppm) and Rb
resulting in high Ba/Rb ratios (31e163) (Table 2).6. Petrogenesis
Many scientists consider the formation of HAl tonalites and
plagiogranites as linked to (1) slab melting (e.g., Drummond and
Defant, 1990; Martin, 1999) or (2) collision-related melting of
thickened underplated maﬁc crust (e.g., Barnes et al., 1996; Petford
and Atherton,1996; Johnson et al., 1997;Whalen et al., 2002; Chung
et al., 2003; Turkina, 2005; Karsli et al., 2011). The supra-
subduction melting (“top” melting) is typically limited by the
thickness of overlying island arc and by the angle of subduction.
The collision-related melting (“below” melting) is typically limited
by the depth of the lower crust. The dehydration-related melting of
slabs, i.e. amphibolite-eclogite, proceeds at depths of 50 to 100 km
(15e25 kbar). It is controlled (1) by the stability of hornblende
during MORB dehydration (Hacker et al., 2003), (2) by the equi-
librium between melt and residual garnet (P > 10e12 kbar), in
which the HREEs are compatible (Yb < 1.8 ppm HAl melts; e.g.,
Figure 5. (a) An-Or-Ab triangle (from O’Connor, 1965; Barker, 1979) for the Char
tonalites and plagiogranites. (b) Ca-Mg-Na triangle (elements shown as a.f.u.) for high-
Al granitoids (SiO2 > 60%) of the Char belt, lower crust granitoids (New Zealand, North
America, China, Turkey; Muir et al., 1995; Petford and Atherton, 1996; Johnson et al.,
1997; Xiong et al., 2003; Karsli et al., 2011) and slab derived adakites (Kamchatka,
Honshu, Luzon, New Zeland, Tonga, Ecuador, Chile, Panama; GEOROC database). Fields:
To - tonalite, Tdh - trondhjemite, Grd - granodiorite, Gr - granite.
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rutile, in which Nb and Ta are compatible, at P > 15 kbar (Foley
et al., 2000; Barth et al., 2002; Xiong et al., 2005).
The melting of MORB-type basaltic rocks at P > 10 kbar pro-
duces LILE-enriched granitoid melts with 2e4 times higher con-
centrations of Ba and Rb and often high Na2O/K2O ratios due to the
low content of K2O (<0.5 wt.%) in initial MORB (Koepke et al., 2004;
France et al., 2010; Wolff et al., 2013). The Char tonalites and pla-
giogranites are characterized by high Ba/Rb (31e163) and Na2O/
K2O (4e19) (Table 2) probably due to the respectively low con-
centrations of Rb and K in their parental basaltic rocks. The alter-
ation of MORBs by hydrothermal ﬂuids penetrating through shear
zones (Flagler and Spray, 1991) result in their enrichment in Al and
Na (albitization) and depletion in most mobile elements, e.g., K and
Rb (Brophy and Pu, 2012). In addition, the Char samples are
depleted in K and Rb suggesting weak to nil assimilation of the
melts by island arc felsic crust.
The experimental modeling of the partial melting of hydrated
MORB show that high-Al (18e21 wt.%) and low-HREE
(Yb < 0.7 ppm) melts can form in equilibrium with amphibole-
clinopyroxene-garnet  plagioclase restite assemblage (ZhangFigure 6. Chondrite-normalized REE diagrams (A, B) and primitive mantle-normalized mult
are from Boynton (1984) and Sun and McDonough (1989), respectively.et al., 2013). During the experiment, the depletion of the melt in
the HREEs was controlled by the content of restite garnet (7e32%)
at pressures and temperatures ranging from 10 to 15 kbar and from
900 to 1000 C. The Char samples display LREE enriched rare-earth
element patterns with moderately to strongly differentiated HREE
(Fig. 6A), which may indicate involvement of garnet in magma
generation. Therefore, themelts, which produced the Char tonalites
and plagiogranites, could have been derived by the melting of hy-
drated MORB at garnet facies depths (40e60 km).
The low concentrations of Ta and Nb and their negative anom-
alies in primitive mantle normalized multi-element diagrams are,
in general, typical of both supra-subduction and syn-collisional
granitoids (e.g., Pearce et al., 1984; Dewey, 1988; Khain et al.,
1996; Rozen and Fedorovskiy, 2001; Jahn et al., 2002; Vladimirov
et al., 2003; Kurganskaya et al., 2014; Yang et al., 2014; Ge et al.,
2015). The depletion of granitic melts in Nb-Ta may result from a
relevant depletion of their parental rocks, i.e., supra-subduction
basalts, subducted slab (eclogite) and hydrated MORB. The origin
of TTG-series, which are probable ancient analogs of Phanerozoic
granitoids formed in subduction-accretionary settings is linked to
intra-oceanic arc magmatism, i.e., to the melting of subducted slab
(dehydrated MORB and/or eclogite), and/or to the melting of
accreted MORB containing recycled crustal material eroded from
adjacent arcs at lower crust depths (Rapp and Watson, 1995;
Winther, 1996; Smithies, 2000; Rapp et al., 2003).
The Char tonalites and plagiogranites are characterized by low
Nb/Ta ratios (7e13) (Table 2; Fig. 6B) excluding a rutile-bearing
eclogitic parental rock and consequently suggesting a pressure
less than 15 kbar (Nb/Ta < 17; Foley et al., 2000; Condie, 2005). In
addition, the low concentrations of Nb (1.9e3.9 ppm) and Ta
(0.25e0.36 ppm), if pressure dependent, correspond to small to
intermediate depths (Moyen and Martin, 2012). The Char belt
comprises rutile-titanite-bearing eclogites, blueschists, and am-
phibolites formed from MORB-OIB protoliths (Volkova and
Sklyarov, 2007), which outcrop close to the Char granitoids
(Fig. 2a). The high-pressure rocks, blueschists and eclogites, were
probably exhumed from depths of 15e70 km during the late
Ordovician. The amphibolites, which were not subducted/
exhumed, but melted during collision-related piling up to produce
the granitoids, are characterized by sub-chondritic Nb/Ta ratiosi-element diagrams (C, D) for Char tonalites and plagiogranites. The normalizing values
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2 ophiolitic mélange (Yermolov, 2013; see Section 2, Fig. 2a) con-
tains fragments of maﬁc to felsic volcanic and subvolcanic rocks
possessing geochemical features of island-arc series (Volkova et al.,
2008; Kurganskaya et al., 2014) assuming a possibility of involve-
ment of those rocks into magma generation. Therefore, we suggest
that the Char tonalites and plagiogranites formed from an initially
Nb-depleted source, e.g., subducted MORB-type oceanic crust
containing recycled lower maﬁc crust material.
More evidence for a non-subduction origin of the Char samples
comes from the Mg-Ca-Na systematics (Fig. 5b): in the Mg-Ca-Na
triangle, the Char tonalites and plagiogranites plot away from HAl
supra-subduction, i.e. island arc and continental margin, series. In
addition, the Char tonalites and plagiogranites are characterized by
low contents of “maﬁc” elements, i.e. MgO (0.2e0.6 ppm), Ni
(5e18 ppm), and Cr (12e47 ppm) suggesting no “endogenic
contamination” (Polat et al., 1999) of their parental melts bymantle
wedge peridotite derived material (Condie, 2005; Martin et al.,
2005). On the contrary, the felsic rocks formed by slab melting
(with SiO2 > 60 wt.%) typically have high contents of those ele-
ments, e.g. MgO ¼ 2e3 wt.%, Ni ¼ 19e24 ppm, Cr ¼ 36e46 ppm
(Kay, 1978; Smithies, 2000).
On one hand, the Char tonalites are characterized by the pres-
ence of Nb-Ta negative anomalies in the multi-element patterns
(Fig. 6B) and by low TiO2 (Table 2), which are indicative of supra-
subduction origin. On the other hand, they have high contents of
Al2O3, high Ba/Rb and Na2O/K2O ratios, low MgO, Ni, Cr and
differentiated HREE. Consequently, in spite of the Nb-Ta-Ti deple-
tion, we exclude a supra-subduction origin of the Char tonalites and
plagiogranites from slab-derived melts and argue that they formed
by the melting of hydrated MORB at P ¼ 10e15 kbar in the base of
the lower maﬁc crust.
7. Tectonic implications
7.1. High-Al granitoids in C-type and P-type orogens
The origin of high-Al granitoids in subduction (Paciﬁc-type) or
collision (C-type) orogenic belts has always been of special interest,
because the melting of their parental melts requires special con-
ditions. “Classical” C-type orogens are typiﬁed by the presence of
batholiths of peraluminous granitoids, which formed by the
melting of overthickened metamorphic orogenic crust (Chappell
and White, 1974; Bally, 1981; Pearce et al., 1984; Maniar and
Piccoli, 1989; Barbarin, 1999). This type of collision-related mag-
matism (with negative 3Nd(t) values), often referred to as “Alpine”,
was ﬁrst recognized in the Alpine-Himalayan orogenic belt (the
Alps, Pamirs, Himalayas) and then found in Australia and North
America, i.e., in the regions with thick continental lithosphere
dominated by lithologically and compositionally “mature” or
recycled crust. The Alpine-type collisional granitoids are different
from the granitoids of Paciﬁc-type (P-type) orogens (Maruyama
et al., 1996; Safonova and Maruyama, 2014), like the CAOB, which
is dominated by juvenile crust rocks of island-arc, continental
margin arc and oceanic terranes having positive 3Nd(t) values (e.g.,
Jahn et al., 2000; Sun et al., 2008; Zhou et al., 2008; Yuan et al.,
2007; Kruk et al., 2011). The Irtysh-Zaisan folded area of the NW
CAOB can be considered as an Altai-type (juvenile) orogen or as a P-
type orogen, because the modern western and eastern Paciﬁc in-
cludes numerous actualistic examples of CAOB orogens (e.g.,
Vladimirov et al., 2003; Kruk et al., 2011; Safonova et al., 2011;
Safonova and Maruyama, 2014). Consequently, the granitoids of
those Altai-type orogens could have formed inside initially accreted
ophiolitic terranes, which ﬁnally appear “gripped” by colliding
continental blocks. In that case, the granitoids record the beginningof collision and their composition depends on the composition of
maﬁc parental rocks.
The plagiogranites of modern mid-oceanic ridges, which later
become incorporated into P-type orogens, are dominated by LAl
varieties (Coleman and Peterman, 1975; Flagler and Spray, 1991;
Koepke et al., 2007). They form under relatively thin oceanic
crust, which thickness is, in average, 6e8 km ranging from 0 km at
MOR to about 35 km under the huge Ontong Java plateau. A special
case is the Aruba plateau in the Caribbean basin comprising HAl
tonalites formed during the late Cretaceous accretion of the plateau
to the active margin of the Caribbean Plate (White et al., 1999).
Both HAl and LAl tonalite-plagiogranites have been identiﬁed in
several old ophiolitic terranes, parts of C-type intracontinental
orogens. The ﬁrst-type ophiolites could be accreted to active con-
tinental margins, for example, the Wadi Hamaliya ophiolites of
Oman (Rollinson, 2009), the Southern Tuscany ophiolites of Italy
(Montanini et al., 2006) or the Fournier ophiolites of Canada
(Brophy and Pu, 2012). The second-type ophiolites occur inside
suture zones separating large continental plates, for example, the
Arabian and Iranian plates (the Mawat ophiolites of NE Iraq; Mirza
and Ismail, 2007) and the Eurasian and Indian plates (for example,
the Jinshajiang ophiolites of Tibet; Zi et al., 2012). However, the
origin of HAl granitoids in those belts remains debatable.
7.2. Tectonic model for the formation of the Char high-Al granitoids
The Char belt formed on a ﬁnal stage of the evolution of the
Paleo-Asian Ocean (Dobretsov et al., 1995; Buslov et al., 2001;
Safonova et al., 2012). In the Char belt, the tonalites and plagiog-
ranites are high-Al (Section 5.2, 6) and are spatially associated with
ophiolites or OPS units, although their geological relationships
remain poorly understood because of few good outcrops (Fig. 2b;
e.g., Polyanskii et al., 1979; Belyaev, 1985; Safonova et al., 2012).
However, the late Visean (Scherba et al., 1998) serpentinitic mél-
ange near Charsk (Char) (Fig. 2; Section 2) is overlapped by Ser-
pukhovian conglomerates (Yermolov, 2013), which are indicative of
collision. We believe that the formation of high-Al granitoids inside
oceanic terranes during a ﬁnal stage of ocean evolution, i.e., during
its closure, is indicative of collision and its related deformation of
the oceanic crust.
Evidence for rather a “collisional” model of the formation of the
Char granitoids than for a supra-subduction model comes from
both geological and petrological data (Sections 2, 5 and 6). First, the
collisional model matches the geophysical data (seismic survey,
magneto-telluric sounding, thermal sounding), which shows a
complicated structure of the crust beneath the junction zone be-
tween the Kazakhstan and Siberian continents, which thickness
beneath the Char belt is 50e55 km (Fig. 7; Scherba et al., 1998).
Second, the differentiated HREE (participation of garnet in magma
generation), the depleted HFSE (absence of rutile) in the Char
granitoids (Fig. 6) and the presence of plagiogranitic migmatites in
surrounding amphibolites (Fig. 2a; Yermolov, 2013) and their
absence in eclogites suggest magma generation at pressures be-
tween 10 and 15 kbars. Third, the intrusions of tonalite and pla-
giogranites look syn-deformation or syn-tectonic because (1) they
are deformed and aligned in the same NWeSE direction, parallel to
the zone of deformation and to the strike of the whole Char
ophiolitic belt (Figs. 1 and 2; Buslov et al., 2001), morphologically
they resemble boudins (Fig. 2); (2) in thin-sections the grains of
plagioclase are oriented parallel to the zone of mylonitization
(blasthesis) (Fig. 3); (3) the granitoids yielded an age of ca. 323 Ma
age, i.e. close to the late Visean age of the hosting melange (Scherba
et al., 1998). Therefore, we argue that the intrusions formed
coevally with the serpentinitic mélange. In addition, several au-
thors discussed the origin of plagiogranites in strike-slip fault zones
Figure 7. Geophysical data (seismic survey, magneto-telluric and thermal sounding) based reconstruction of the structure of the lithosphere beneath the Irtysh-Zaisan region
(modiﬁed from Scherba et al., 1998).
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1995; Xiong et al., 2005), which may result in step-by-step sepa-
ration of each small portion of melt to form small intrusions like in
our case. Forth, the major and trace element composition of the
granitoids shows no signature of endogenic contamination, i.e.
interaction with mantle wedge peridotites, which is typical of
supra-subductionmagmas (Section 6). Thus, we argue that the Char
granitoids could have been derived by the melting of thickened
lower maﬁc crust including the accreted oceanic terranes of MORB
and OIB and the material eroded from adjacent intra-oceanic or
continental margin arcs (Rapp and Watson, 1995; Winther, 1996;
Smithies, 2000; Rapp et al., 2003; Safonova et al., 2015) at rele-
vant P-T conditions (P ¼ 10e15 kbar) during collision-related
deformation. The maﬁc crust became thicker by the deformation
and/or delamination due to the collision between the Kazakhstan
and Siberian continents.
More evidence for the collisional origin of the Char tonalites and
plagiogranites comes from numerous magmatic intrusions and
complexes formed during this period in adjacent territories indi-
cating strong regional tectonic activity. In Devonian time, the
subduction was probably double sided, i.e. under both the
Kazakhstan and Siberian active margins (Fig. 8a). The late Devon-
ianeearly Carboniferous was the time of active accretionary pro-
cesses (Fig. 8b). At the active continental margin of the Kazakhstan
continent, granodiorites and monzodiorites formed within the
Zharma-Saur volcano-plutonic belt during the Serpukhovian ac-
cording to geological and paleontological data (Scherba et al., 1998)
or at 328e321Ma according to U-Pb zircon dating (Han et al., 2006;
Zhou et al., 2008; Chen et al., 2010a,b; Figs. 7 and 8b). In lateFigure 8. Tectonic model for the evolution of the Irtysh-Zaisan folded area and for the
collision-related formation of the Char tonalites and plagiogranites.Carboniferouseearly Permian time, the collision-related magma-
tism shifted to post-collisional A-type magmatism in West Junggar
and adjacent regions suggesting the cessation of amalgamation
(e.g., Konnikov et al., 1977; Chen et al., 2010a; Gao et al., 2014)
(Figs. 7 and 8c). In addition to the Irtysh-Zaisan folded area, colli-
sional HAl tonalites, plagiogranites and granodiorites formed in the
SW Chinese Altai (ca. 318 Ma; Yuan et al., 2007) and in the Rudny
Altai (322e318 Ma; Kuibida et al., 2013) (Figs. 7 and 8c).8. Conclusions
(1) The Char ophiolitic belt or suture-shear zone includes in-
trusions of tonalites and plagiogranites, which occur as NW-
striking linear chains inside the serpentinite mélange.
(2) The tonalites possess granitic microstructure showing signs of
syntectonic deformation; the plagiogranites are less deformed
suggesting their intrusion on a later stage.
(3) The tonalites yielded a LAeICPeMS zircon age of ca. 323 Ma
(Serpukhovian).
(4) Both the tonalites and plagiogranites are of high-Al type and
are characterized by low MgO, TiO2, and FeO, high Sr/Y and Ba/
Rb, enriched LREE and differentiated HREE (La/Yb¼ 42e57 and
84e120, Gd/Yb ¼ 2.9e3.7 and 5.1e5.5, respectively). Their
multi-element patterns show clear Nb-Ta negative anomalies.
(5) The Char high-Al tonalites and plagiogranites formed by the
melting of hydrated MORB at the base of the maﬁc lower crust
at pressures of 10e15 kbar.
(6) The occurrences of the high-Al Char granitoid intrusions inside
the Visean serpentinite mélange overlapped by Serpukhovian
conglomerates and aligned parallel to deformation zones, their
derivation by the melting of maﬁc lower crust at low to me-
dium pressures, and the coeval collision-related igneous com-
plexes in the adjacent Rudny Altai, Chinese Altai and West
Junggar allows us to suggest their relation to the collision of the
Siberian and Kazakhstan continents.Acknowledgments
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